A cross sectional study using environmental and biological samples was undertaken to assess the association between arsenic (As) soil concentrations and urinary As levels of children living in an area where the soil is naturally As rich, during summer and winter. Twenty-nine children aged between 2 and 7 years from 21 dwellings in the summer study, and 23 of the 29 previous children from 17 dwellings in the winter study, were recruited. Housing characteristics, living conditions and individual characteristics were collected by questionnaire, and urine samples were collected for iAs þ MMA þ DMA measurement. Soil total As content and bioaccessibility were measured. Urinary As concentrations revealed that the children were not overexposed. Low bioaccessibility combined with moderately high levels in soil could explain this result. The concentration of arsenic in soil and soil-related factors appeared to contribute to the children's impregnation in summer but not in winter, which could be related to the children's behavior. This study highlights the need for additional studies of children to better understand their behavior, and obtain reference values in this particular population.
INTRODUCTION
Arsenic (As) is a ubiquitous element in the environment, where it occurs in both organic and inorganic forms. It can be found in food, water, soil and airborne particles. Its presence in the environment is from natural and anthropogenic sources. Intense mining activities such as copper mining and smelting and burning of arsenic-rich coal, can contribute to the dispersion of As, as well as pesticide use, atmospheric releases from incinerators and other industrial activities. 1 Consequently, humans are widely exposed through these sources. There is strong evidence that chronic exposure to inorganic As (iAs) is associated with health effects such as skin lesions, cardiovascular diseases and metabolic disorders. 2, 3 Furthermore, the International Agency for Research on Cancer (IARC) classifies As as a Category 1 carcinogenic agent for humans, involved in bladder, skin and lung cancers. 4 These health effects have mainly been observed in populations highly exposed to As in drinking water. 5 In the environment As is mostly in inorganic forms, the most common being arsenite (As III) and arsenate (As V). iAs compounds are found mainly in aquifers, where they accumulate by natural processes such as weathering, erosion and biological activity, or eventually by anthropogenic contamination. 6 In contrast, organic As (arsenobetaine and arsenocholine and methylated metabolites such as monomethylarsonic acid (MMA) and dimethylarsinic acid (DMA)) appears to be the major form of dietary As, and predominates in seafood.
As exposure is principally assessed by biological monitoring, and urinary As level is considered to be the best indicator, reflecting the exposure that occurs during the few days before sample collection. 1 The main exposure pathway for general population is diet (food and drinking water) but environmental media may also contribute in contaminated areas. Although many studies have shown the importance of contaminated groundwater used for drinking, 7 only few authors have reported results on the contribution of contaminated soil and dust. 8 In the North-East part of France, geological studies have shown a relatively strong As anomaly in soils developed over sedimentary ironstone formation, the Jurassic (Aalenian) iron formation named ''Minette de Lorraine''. This area, like others all over the world, has been used for mining iron ore until the second half of the 20th century. We conducted a study in order to assess the environmental exposure of the population living in this area. Description of environmental contamination in air, water and soils revealed that As in PM10 during the study period was low (maximum 0.97 ng/m 3 ) and As content in drinking and surface fresh water was regularly below 10 mg/l. Contrary to this, As in soil was elevated (geometric mean 31 mg/kg dry matter; minimum 13 mg/kg and maximum 131 mg/kg dry matter). Finally among the different media, only soil was likely to expose people to As. 9 However, biomonitoring revealed that the study population of adults and teenagers living in this area was not overexposed to As compared with those measured in other general populations. Moreover, life style determinants such as sea food consumption and wine and beer drinking before the urine sampling were associated with As urinary concentration in adult men, whereas no association was found between As levels in soil and in urine.
Depending on age, the behavior and physiological characteristics are different, especially for children younger than 7 years of age. Indeed, they spend more time outdoors, have closer contact with soil and dust than adults have, and are less respectful of good hygienic practices such as hand washing. In addition, hand-to-mouth behavior exposes children to direct ingestion of soil, 10--13 with greater variability in the amount ingested according to the behavior of children.
14 Furthermore, they have greater vulnerability to hazardous substances. Metabolic differences, such as a decreased detoxification capacity due to less developed enzymatic metabolism can exist between children and adults. Thus with environmental exposure similar to that of adults, children may be more susceptible to the harmful effects of various pollutants. We therefore expanded this study to children.
Our aim was to evaluate As exposure of individuals living in this natural As-contaminated area via the determination of urinary As concentrations and its speciation, in a sample of children for whom a urine measurement was made. In addition, to explore the possible contribution of the soil to the As exposure, the study was performed during the summer and winter period, when the behavior of the children toward the soil differs.
MATERIALS AND METHODS

Study Design
A cross sectional study described previously 15 was conducted in Meurthe and Moselle in Eastern France in a population over 2 years. The present study focuses on a subpopulation of children aged between 2 and 6 years old. Urinary As was measured in this population twice: in the summer (July and August 2007) and in the winter (February and March 2008).
Housing characteristics, living condition, individual characteristics such as sex, age, height, weight, diet and leisure data, were collected by a trained interviewer face-to-face questionnaire administered to parents in the presence of the child enrolled in the study.
Urinary Samples and Biological Analyses
The first morning urines were collected and the sum of iAs þ MMA þ DMA in urine was determined by graphite furnace atomic absorption spectrometry (GF-AAS) and As (III), As (V), MMA and DMA by high-performance liquid chromatography (HPLC) separation with inductively coupled plasma mass spectrometry detection, as previously described. 15 The GF-AAS quantification limit (LOQ) was 0.8 mg/l and the detection limit (LOD), 0.2 mg/l. The LOQ and the LOD for each species by HPLC were 0.5 mg/l and 0.2 mg/l, respectively.
Environmental Samples and Data
Soil samples were taken over all the study area (n ¼ 366) only once before and during the summer study. Total As content in soil was analyzed by BRGM (French Geological Survey, France) using X-ray fluorescence analysis and atomic absorption spectroscopy, as previously described. 9 Then a geographic information system was used to localize the soil sampling site closest to each child's dwelling.
During the winter study, indoor settled dust was sampled by a technician wearing shoe protectors to avoid external contamination, using a vacuum cleaner, new for each home but of the same model: Proline, model BL200 (power of 1800 W and a maximum aspiration equal to 21 kPa). The parts of the dwelling mostly frequented by the child such as its bedroom and the main room of the home were aspirated successively forming a composite for each dwelling. Dust under the furniture was also aspirated when it was accessible to children. The different parts sampled and their total coating surfaces were recorded. Dust analyses were performed using the same protocol as for soil analyses.
In addition, gastrointestinal bioaccessibility measurement in soils was performed using the Barge Unified protocol. 16 This test consists of a threestep extraction procedure and simulates the chemical processes occurring in the mouth, stomach and intestine compartments using synthetic digestive solutions. Total As concentrations in gastric and intestinal phases were determined by GF-AAS (GFAAS Varian, France) or by inductively coupled plasma-optical emission spectrometry (ICP-OES; Jobin-Yvon, France) depending on the concentration in soil materials or in the digestive fluids. For each sample, tests were carried out on two replicates and for each series a reference sample was analyzed for quality assurance. Bioaccessibility results are expressed as the percentage of the total As content in soil.
Statistical Analyses
Urine samples with levels below the limit of quantification were assigned the values of one-half LOQ in the statistical analysis. Results are given as geometric means (GMs) with their geometric standard deviation. Range, median, 25th, 75th and 95th percentiles are also given.
The factors affecting As urinary levels were assessed by multiple linear regression. The model was defined as previously described, 9 except that wine consumption and tobacco smoking were not included in the model.
The comparison of urinary concentrations of As (iAs þ MMA þ DMA) between the summer study and the winter study was conducted using a Wilcoxon test paired.
Statistical analysis was carried out using the software STATA (Stata Corporation, College Station, TX, USA, 2005).
RESULTS
Description of Dwellings and Individual Characteristics
Twenty-nine children aged between 2 and 7 years from 21 dwellings were recruited to participate in the study in summer. In winter, 23 children of the 29 previous children, from 17 dwellings, were interviewed again. Three children could not be contacted by phone and the other three were not present in the study area during the winter study weeks.
All families, except two in summer and one in winter, lived in a house with a garden and more than a half of families had a vegetable garden.
Key dietary consumption data related to As exposure during the days before the survey are shown in Table 1 for the summer and winter study. None of the children had consumed seafood in 3 days before the investigation in the summer study versus two in the winter study. Concerning fruit and vegetables, 55% of the children in summer had consumed home-grown products as opposed to 30% in the winter, and they were 28% versus 4% for products from the study area.
Description of Environmental Contamination
The distribution of soil levels assigned to the children's dwellings was similar for both seasons (n ¼ 21 in summer and n ¼ 17 in winter) and was close to that observed across the whole dwellings study (n ¼ 151), 9 although the GM was slightly higher, 35 mg/kg of dry matter (versus 28 mg/kg) and the maximum concentration was slightly lower, 64 mg/kg (versus 76 mg/kg).
During the winter study, As concentrations were measured in settled dust from dwellings of children (n ¼ 17). The arithmetic mean of As dust concentrations was 5.5 mg/kg (SE ¼ 2.0 mg/kg) with a minimum equal to 2.9 and a maximum of up to 9.7 mg/kg, values lower than those measured in surrounding soils.
As bioaccessibility was assessed in all soil samples for which a dust sample had been taken, except one for where the sample was insufficient for additional study after total As assay (n ¼ 16). Bioaccessibility ranged between 5% and 22% (arithmetic mean: 11.5%).
As Urinary Concentrations
Results of the sum of iAs þ MMA þ DMA in urines for children in the summer and in the winter studies are given in Table 2 . Two samples in the summer study were under the limit of quantification, none in the winter study.
As speciation was performed in randomly selected samples, 16 in the summer study and 15 in the winter study. In summer, DMA was detected in all samples and reached a maximum value of 10.94 mg/l. As (III) was detected in only two samples (1.16 and 1.97 mg/l), and As (V) and MMA in none of the samples.
In winter, DMA with a maximal concentration of 5.60 mg/l was detected again in all samples. As (III) was detected in almost onethird of the samples and reached a maximum of 2.10 mg/l. As(V) was detected in one sample (1.41 mg/l) and MMA in none of the samples.
When comparing the summer and winter iAs þ MMA þ DMA values for each of the 23 children, nine children had urinary As concentrations increased or reduced by a factor of 2 to 8. For example, values for child 19 were 7.16 in the summer and 15.29 mg/g creatinine in the winter, and in contrast, for child 6, 10.65 in the summer and 3.40 in the winter. Detailed results are presented in Table 3 . Nevertheless no relation was observed (P ¼ 0.3, Wilcoxon test paired) between the urinary concentrations of iAs þ MMA þ DMA (expressed as mg/g creatinine) measured in summer and winter.
Determinants of As Urinary Concentrations
Considering the summer study, the variables included in the model (Table 4 ) explained 57% of the variability in logarithmic urinary As concentrations. Concerning the dwelling characteristics, children living in homes with a vegetable garden had higher urinary As concentrations. Moreover, there is a trend between the consumption of vegetable and fruit from the study area in 4 days before the investigation (fruit and vegetable consumed by the child and grown in the study area but not in the family own vegetable garden of the investigated child) and higher As urinary concentrations. Finally, regarding the environmental factors tested, As urinary concentrations were increased among children for whom the As soil level was increased.
Contrarily to the summer study, no stable model could be reached for the children in the winter study, whatever the determinants, including soil as well as dust. Abbreviation: As, arsenic.
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DISCUSSION
The results of this study demonstrate that the children living in the naturally As contaminated area were not overexposed to As, and that variables at the individual level as well as soil exposure in summer were related to urinary levels. We included children under 7 years of age, because they represent a special population more exposed to soil pollutants due to their specific behaviors. Thus with environmental exposure similar to that of adults, children may be more susceptible to the harmful effects of various pollutants.
The first issue was to assess the potential environmental overexposure of the children living in the contaminated area and the contribution of the soil to this exposure.
Compared with children living on contaminated soils, we did not find any overexposure. In our study the urinary i As þ M-MA þ DMA GM was 2.8 mg/l in summer and 3.7 mg/l in winter, whereas data published by others 17, 18 ranged from 4 to 9.5 mg/l. In other aspects, our results were similar to those of non-exposed children, although published studies including children (regardless of age) in the general population without specific exposure are scarce. In two German studies, BW-EHS 19 and GerES, 20--22 arithmetic means of iAs þ MMA þ DMA varied between 5.3 and 9.5 mg/l, and for GerES IV (2003--2006) GM of 4.9 mg/l was reported for children between 3 and 5 years of age. 23 Although, there is no reference value for children aged 2--6 years of age, all those set for adults are around 10 to 15 mg/l. The last German study, which was used to construct a reference value set a urinary concentration o15 mg/l for children aged 6--12 years of age.
Finally, we were able to conclude that the children in our study were not overexposed to As, despite them living on a soil naturally rich in As. Indeed, the measured soil levels were variable and high, all values being higher than ones usually found in France 9 but only moderately so, compared with the levels reported very near smelters 25 or pesticide factories. 17 In such situations, soil As has been reported as a significant source of exposure when its concentration is 4100 mg As/kg dry matter. In Australia, Hinwood et al 24 report that 55.7% of the variation of As urinary concentration is explained by these high levels of As in soils, and only 13.2% when the total range of soil levels are taken into account.
In order to complete the environmental exposure assessment, in addition to air, water and soil, As levels in settled dust in homes were measured during the winter sampling campaign. Indeed during winter, in this part of France, the cold and damp weather encourages people to stay indoors, and children are consequently more exposed to indoor dust than in summer and As levels in dust were potentially higher in this contaminated area. Compared with As concentrations in soils measured in our study, As levels measured in dust were low. The average concentration of As in dust (5.5 mg/kg dry soil) was lower than that obtained in all other studies dealing with polluted soils, 17,18,25--27 the average concentrations ranging from 8.8 mg/kg for homes located at 410 km from the coal plant in the study by Ranft 26 to 73 mg/kg in the Anaconda study. 28 The average concentration of As in dust from homes in our study was also lower than in NHEXAS study in the United States (17.19 mg/kg) where the population had no specific exposure. 29, 30 Finally, air, settled dust and drinking water contained uniformly low levels of As (Fillol, 2010) , so the only environmental media potentially contributing to As exposure was the soil.
In order to understand the divergence between not increased urinary As biomarkers and high levels of soil As, bioaccessibility and bioavailability of As present in the soil, two important parameters when studying exposure from soil can be considered. Although the bioaccessibility of a pollutant is the fraction that can be extracted in vitro from soil or dust from homes by the digestive fluids, bioavailability is the fraction measured in blood or urine, indicating the passage of the pollutant into the body. Therefore, bioaccessibility is a proxy for bioavailability. Several authors 31--36 measured relative bioaccessibility or bioavailability of i As ingested from different sources, mining, smelting, manufacture of pesticides by various experimental systems, in vitro for bioaccessibility or in vivo for bioavailability by primates, rats and pigs. In bioavailability studies, As bound to soil was less bioavailable than As of soluble compounds, and all reported a bioavailability factor below 50%, 10% and 30% depending on the biological fluid (urine or blood) 32, 36 and 5% and 30% with a median of 16% for 14 soil samples from 12 different sites. 36 Concerning bioaccessibility studies, Carrizales et al. measured a bioaccessibility ranging from 39% to 69% and, 37 from 44% to 50%. In the soil samples of our study area, bioaccessibility in As was lower, between 5% and 22% as Ono's study. 38 The low bioaccessibility combined to the moderately high levels in soils could also be put forward to explain the absence of overexposure.
In this environment, the second issue was to identify the exposure factors (individual and environmental) that contributed to As urinary concentrations. The multivariate analysis based on the results of the summer season, showed that As soil levels were significantly associated with As urinary concentrations in addition to individual diet variables. The association with these latter determinants had not been found in other studies, 17, 18, 39 except the one by Gebel et al. 40 Interestingly both diet variables (''have a vegetable garden'' and ''eat local fruits and vegetables'') are also soil-related variables and thus not independent of As concentrations in soils that is consistent with the contribution found of As concentrations in soils on children's As urinary concentrations. Because the consumption of fruits and vegetables from the study area is certainly less important in winter than in summer, it could also explain the instability of the model for these two seasons.
This influence of As concentrations in soils and soil-related variables in the same population of children aged under 7 years, was found in summer but not in winter. At least two hypotheses may be mentioned, in addition to the reduced consumption of fruits and vegetables from the study area: (i) the number of children analyzed in winter was too small, and smaller than in summer, (ii) in winter children are less in contact with the soil than in summer.
The child study, we report, was part of a larger one including adults living in the same area and thus with the same Are As in soil and children's urine associated? Fillol et al environmental exposure. We found a positive association during summer between As concentrations in soils and in urines for the children younger than 7 years of our population, but not the adults. This result is consistent with the study of Polissar et al, 39 around Tacoma. Indeed, in this study, beside the socio-demographic and food variables, variability in As urinary concentrations in adults was certainly partly explained by As levels in air but no influence of As levels in soil was found except in children. They also noted that children aged 0--13 years had a greater increase in their As urinary concentrations in relation to increased As levels in soil compared with those aged 14 and older. Several hypotheses may explain this apparent discrepancy. Adults compared with children have a different behavior toward the soil, especially young children who frequently put their hands in their mouth.
Children compared with adults also have no exposure to some individual factors, such as consumption of alcohol. In adults, in the case of low exposure and As urinary concentrations comprised in the background, no influence of As concentration in soil is observed because this variable is weak compared with the influence of individual factors. Finally, the study of urine samples from the same subjects at 6-month interval was an opportunity to examine the representativeness of a single measure. Urines of children younger than 7 years were collected for most of them twice, and two measures of iAs þ MMA þ DMA were performed, one during summer and one during winter, where we found no significant difference between the two seasons. However, examination of individual data reveals that for more than one-third of the children, As urinary concentrations varied by a factor 4two between the two points of measure, questioning the meaning, in terms of exposure, of measurement of this biomarker through a single collection.
Apart from the type of sampling, collecting a urine specimen for 24 h, a spot sampling or the first morning void as discussed previously, 15 several authors have attempted to answer the question of measurement variability, in particular, studies concerned with exposure to As from drinking water. Calderon et al 41 analyzed for 5 consecutive days the first morning urine from 96 persons consuming water with As concentrations ranging from 8 to 620 mg/l. A comparison of As concentrations of each first morning urine indicated only a slight variation from one day to the other. Similarly, Concha et al 42 also measured for 5 consecutive days the amount iAs þ MMA þ DMA in urines of 15 women living in an Andean village exposed to high levels of As from drinking water. The statistical analysis revealed no significant variation from one day to another of As urinary concentrations. However, these studies relate to populations highly exposed to As in drinking water.
Moreover in the study of Hwang et al, 17 around Anaconda, the children provided three urine samples: two samples were the first morning urine for 2 consecutive days and the third one, taken at midday. Then they constructed five models of multivariate analysis including the same explanatory variables but the dependent variable introduced differed: the highest As urinary concentration, the lowest As urinary concentration, the average of As urinary concentrations performed on two samples, the As urinary concentration obtained on the first and the last day, the As urinary concentration obtained on the second day. The analysis suggests that when the relation was evaluated between As urinary concentrations and As exposure variables, the final result was not affected by one or other dependent variables introduced in the model; only one morning urine sample may be sufficient to characterize a large enough population.
One can question the validity of making a single measurement of urinary As as a reflection of As exposure. In our study, the population was weakly exposed to As and values were scattered but still within background levels. Achieving a single measure of urinary As therefore seems satisfactory to study the influence of As exposure. However the intra-individual variability of this urinary biomarker entails repeated measurements to characterize the level of As impregnation in an individual.
In conclusion, the children in this study were not overexposed to arsenic. However, the concentration of arsenic in soils and soilrelated factors (consumption of fruits and vegetables from the study area and having a vegetable garden) appeared to contribute to their impregnation even if the model was not stable between summer and winter. This latter could be related to the behavior of the children: in winter, children are less in contact with the soil than in summer. This study highlights the need for additional studies in children to better understand their behavior and to obtain reference values in this particular population.
